I. Introduction
Understanding of the key factors that control the kinetics of enzyme catalysis has been a long standing goal of chemists and biochemists [1] [2] [3] . The explicit role of water in controlling the enzyme kinetics and the pathway has often been discussed in the enzyme literature [4] [5] [6] [7] [8] . It is of course well-known that water plays a crucial role in determining the structure and function of biomolecules. In a series of landmark papers, Fleming and co-workers have used three-pulse photon echo peak shift (3PEPS) and time-resolved fluorescence depolarization techniques to measure the magnitudes and time scales of energy fluctuations of the chromophore eosin bound to lysozyme in aqueous solution at physiological temperature [9] [10] [11] . They have examined the influence of inhibitor binding on the internal motion of lysozyme [9] [10] [11] . In a separate study, Fleming and co-workers examined the role of water on the residue motion of a protein using molecular dynamics simulation [12] . The important finding of this study is that in the presence of water the dynamics becomes slower [12] . Theese studies partly motivated us to study the role of water in enzyme catalysis.
While the specific role of water in the chemical step of enzymatic reactions has been explored in great details by elegant papers of Warshel and co-workers [13] [14] , the explicit role of water in the conformational cycling step of enzyme catalysis has hardly been explored. Many of the earlier studies were carried out with an implicit solvent model (where water is replaced by a dielectric continuum) in this context. Such studies have only a limited scope to understand the role of water on the conformational fluctuation because they ignore much of specific interactions (such as hydrogen bonding) that a water molecule is capable of. The molecular dynamics study of ligand-induced flap closing in HIV-1 protease demonstrates that the structural water plays a critical role in flap closing dynamics by destabilizing the hydrophobic clusters and subsequently by mediating the flap−ligand interactions [15] .
Catalysis of the reaction, ATP + AMP → 2ADP, by the enzyme adenylate kinase (ADK) is a subject of tremendous current interest [16] [17] [18] [19] [20] [21] [22] [23] . From the experimental kinetic data, the estimated rate of the catalysis for this reaction is 263 s -1 which corresponds to a barrier height of 55 -60 kJ/mol. While may of the studies have concluded that the barrier is associated with conformational fluctuation of the ADK [16] [17] [18] [19] [20] [21] [22] , recent study by Warshel and co-workers finds that the activation barrier of ADK catalysis is primarily intrinsic due to the chemical step based on their full EVB model [23] . Thus, whether this barrier is due to the conformational fluctuation [16] [17] [18] . Specific characterization and explicit demonstration of the role of this intermediate state were also not carried out. Pulse-EPR spectroscopy study of the unliganded HIV-1 protease enzyme implies the existence of an intermediate "semiopen/semiopen" conformer which makes the understanding of the catalytic cycle significantly better [24] .
There are several interesting issues about the coupling between the enzymatic fluctuation ({Q} coordinates) and the intrinsic reaction (X coordinate) of the chemical reaction. Warshel and coworkers [23] have examined whether there is a flow of energy from the {Q} coordinates to the X coordinate (and vice versa) during the cycle. They argued that enzymatic fluctuation does not catalyze the chemical step [23] by fast or slow rate of enzymatic conformational fluctuation [26] . Importantly, they also discussed how an enzyme can operate in a non-equilibrium steady state to enhance the rate of catalysis [25] [26] . These authors further pointed out that by staying in a non-equilibrium steady state, the enzyme can minimize the free energy barrier for conformational displacement [25] [26] . in the HOHC state is found to be about 26 Å. The analysis also suggests that the conformational fluctuation in ADK is mainly due to the inter-domain displacement and not due to the change in structure of corresponding domains as the time evolution of these two quantities is very similar.
II. Configurational Reaction Coordinates (CRC)
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Therefore, we choose the centre of mass distances between LID and CORE (R CM LID-CORE ) and NMP and CORE (R CM NMP-CORE ) as the two order parameters for the free energy surface calculation. These serve as our configurational reaction coordinates.
III. The two-dimensional configurational free energy surface (2DCFES) and conformational activation barriers
The free energy surface of the corresponding domain motions of the ADK is calculated by using umbrella sampling (values of the parameter used are provided in the Method section.
The simulations involved more than 80,000 water molecules for the free energy calculations and span more than 20 μs). The free energy surface has been obtained for the LID domain motion at ) observed in experiment [16] [17] [18] .
However, in the presence of the ligand, the closed state (R CM LID-CORE ≈ 20. coordinate is rather weak [23, [30] [31] [32] . Recent simulation study by Brooks and cowerkers [22] suggests Figure 5a and the corresponding schematic contour diagram is presented in Figure 5b . [25] [26] . Thus in such situation, k E...S→ES (the step where enzyme fluctuation is important) can become large which in turn will make k enz large and essentially this term may dissappear from the above equation. Again, one can also argue that k Sbind can be large at the high substrate concentration limit, according Smoluchowski equation [25] , and thus will make little contribution to the total rate. Thus in such a situation, the steady state will be determined only by the intrinsic rate of the reaction (phosphate stransfer step). A similar studies can also be carried out to understand the role of water in the emzymatic catalyic cycle of HIV-1 protease [15, 24] .
This is illustrated in
System and Methods coordinates were removed from the x-ray structure of the closed form (1AKE [28] ). All crystallographic water molecules were stripped off from the pdb files. GROMACS v3.3.1 suite of programs was used for molecular dynamics and other structural analysis [34] . Proteins were centered in a cubic box of 77.3 A.
The box size was so chosen that no atoms in the protein, either in open or in closed conformation, will be less than 10 Å from any of the box-boundaries. All atom topologies for proteins were generated with the help of pdb2gmx and AMBER94 set of parameters (available through AMBER port for GROMACS).
The proteins were solvated with pre-equilibrated SPC/E water model [35] 
S2:
Surface representation of the HOHC state of ADK is presented here (Figure S2) . We find that the polar amino residues (represented by light colors of the corresponding domain color) are becoming exposed in the inter-domain region. These polar amino acids interact with water molecules and eventually water mediated interactions increase. This increase in inter-domain water mediated interactions upon partial opening of the domains is reflected in the pair correlation function g E,H2O (r) as shown in 
